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Highly Effi cient Warm White Organic Light-Emitting Diodes 
by Triplet Exciton Conversion
 White organic light-emitting diodes (WOLEDs) are currently under intensive 
research and development worldwide as a new generation light source to 
replace problematic incandescent bulbs and fl uorescent tubes. One of the 
major challenges facing WOLEDs has been to achieve high energy effi ciency 
and high color rendering index simultaneously to make the technology com-
petitive against other alternative technologies such as inorganic LEDs. Here, 
an all-phosphor, four-color WOLEDs is presented, employing a novel device 
design principle utilizing molecular energy transfer or, specifi cally, triplet 
exciton conversion within common organic layers in a cascaded emissive 
zone confi guration to achieve exceptional performance: an 24.5% external 
quantum effi ciency (EQE) at 1000 cd/m 2  with a color rendering index (CRI) 
of 81, and an EQE at 5000 cd/m 2  of 20.4% with a CRI of 85, using standard 
phosphors. The EQEs achieved are the highest reported to date among 
WOLEDs of single or multiple emitters possessing such high CRI, which 
represents a signifi cant step towards the realization of WOLEDs in solid-state 
lighting. 
  Introduction 

 White organic light-emitting diodes (WOLEDs) are considered 
the most promising technology for next generation solid-state 
lighting due to their many attributes such as high energy effi -
ciency, eye-friendly diffusive warm light, ultrathin form factor, 
etc. To produce high effi ciency WOLEDs, the use of phosphors 
has become indispensable owning to their ability to generate 
light from both singlet and triplet excitons, thereby achieving 
nearly 100% internal quantum effi ciencies. [  1–3  ]  In addition to 
high effi ciency, a high color rendering capability for objects 
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viewed under such white illumination 
source is another equally important param-
eter for solid-state lighting. In particular, a 
color rendering index (CRI) of over 80 is 
required to qualify WOLEDs as suitable 
illumination sources. To increase CRI, a 
number of groups have developed hybrid 
WOLEDs by employing a blue fl uorophore 
along with green and red phosphors. [  4–6  ]  
Schwartz et al. [  5  ]  have employed a blue 
fl uorophore  N , N  ′ -di-1-naphthalenyl- N , N  ′ -
diphenyl-[1,1 ′ :4 ′ ,1 ′  ′ :4 ′  ′ ,1 ′  ′  ′ -quaterphenyl]-
4,4 ′  ′  ′ -diamine (4P-NPD) together with a 
green and an orange phosphor to fabri-
cate WOLEDs having a power effi ciency 
at 1000 cd/m 2  (  η   p,1000 ) of 37.5 lm/W, an 
external quantum effi ciency (EQE 1000 ) of 
16.1%, and a CRI of 86. More recently, 
Chen et al. [  6  ]  have employed 4,4 ′ -bis(9-
ethyl-3-carbazovinylene)-1,1 ′ -biphenyl 
(BCzVBi) as the blue fl uorophore along 
with a yellowish-green and a red phosphor 
to obtain a   η   p,1000  of 11.3 lm/W, an EQE 1000  of 10.7%, and a CRI 
of 91.2. Here, high CRI values are achieved at a cost of lower 
device effi ciency. 

 To increase the device effi ciency, several groups have taken 
the approach of using only two phosphorescent emitters to 
achieve very high effi ciencies. [  7–9  ]  Su et al. [  7  ]  have reported a 
two-color WOLED employing a blue and an orange phosphor 
together with a carrier and exciton confi ning design to achieve 
high   η   p,1000  and EQE 1000  of 44.0 lm/W and 25.0%, respectively. 
Wang et al. [  8  ]  have incorporated a fl uoro-modifi ed iridium (III) 
bis(2 phenylbenzothiozolatoN,C 2 ′  )(acetylacetonate) [Ir(BT) 2 (acac)] 
yellow phosphor together with a blue phosphor to obtain a 
maximum power effi ciency (  η   p,max ) of 34.0 lm/W and external 
quantum effi ciency (EQE max ) of 26.2%. While high in energy effi -
ciency, these devices have extremely low CRI ( < 70) which is insuf-
fi cient for illumination sources. [  7–9  ]  Therefore, the use of three or 
more phosphorescent emitters has become a prerequisite for high 
color-rendering and highly effi cient lighting applications. [  10–12  ]  

 To solve this problem, the current prevailing wisdom has been 
designing WOLEDs by co-doping multiple phosphorescent emit-
ters with different colors into one emissive layer (EML), i.e., as a 
single unit, while preserving all emission colors with the advan-
tage of having a reduced total number of organic layers. [  2  ,  13–16  ]  
However, such approach makes it more diffi cult to tune the 
emission spectrum as most of the energy will naturally transfer 
to the lower energy emitters. This typically results in the use of 
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high concentration high energy dopants (e.g., blue phosphors) 
and low concentration low energy dopants (e.g., red phosphors) 
with respect to the host, [  13  ,  14  ,  16  ,  17  ]  which further limits the degree 
of control over the emission effi ciency for each color. 

 In this work, we demonstrated all-phosphor, four-color (i.e., 
blue, green, yellow, and red emissions) WOLEDs with high 
effi ciencies and high CRI values. These WOLEDs are designed 
and constructed based on molecular energy transfer or, more 
specifi cally, triplet exciton conversion (TEC) process, where the 
emission effi ciency of yellow Ir(BT) 2 (acac) [  18  ]  and red iridium 
(III) bis(2-methyldibenzo[ f,h]quinoxaline)(acetylacetonate) 
[Ir(MDQ) 2 (acac)] [  19  ]  phosphors are signifi cantly enhanced by 
inclusion of a TEC green phosphor, respectively. Detailed anal-
ysis showed that this enhancement in effi ciency is attributed to 
effective exciton gathering by the green phosphor followed by 
effi cient energy transfer to an emitter having a lower energy. 
To quantify the quantum mechanical process, we employed 
time-correlated single photon counting (TCSPC) technique and 
realized a high energy transfer effi ciency of over 90% from the 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Figure  1 .     Device confi gurations (a) and energy level diagrams (b) for WOLE
for green (G), Ir(BT) 2 (acac) for yellow (Y), and Ir(MDQ) 2 (acac) for red (R). 
80 mm) WOLED (W3) illuminating at 5000 cd/m 2  with a color rendering in
green to red and yellow phosphors. Based on the TEC process, 
we have designed and fabricated WOLEDs with exceptional 
performance: an EQE 1000  of 24.5% with a CRI of 81, and an 
EQE 5000  of 20.4% with a CRI of 85, using well-known green 
and blue emitters, namely, iridium (III) bis(2-phenylpyridine)-
(acetylacetonate) [Ir(ppy) 2 (acac)] [  1  ,  20  ]  and iridium (III) bis(4,6-di-
fl uorophenyl-pyridinato-N,C 2’ )(picolinate) [FIrpic]. [  7  ,  21  ]  The EQEs 
achieved represent the highest reported to date among WOLEDs 
of single or multiple emitters possessing such high CRI.   

 2. Results and Discussion  

 2.1. WOLEDs Design and Performance Characterization   

 Figure 1  a shows a schematic illustration of four WOLED 
device structures (W1–W4) used in this work, and Figure  1 b 
shows the corresponding energy level diagram. In each device, 
mbH & Co. KGaA, Weinheim

Ds W1–W4. The dopants employed are FIrpic for blue (B), Ir(ppy) 2 (acac) 
All doping concentrations are in wt%. c) A photo of a large area (80 mm  ×  
dex of 85.  
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     Figure  2 .     Spectral power spectra at 10 mA/cm 2  with a progressive 
addition of each emissive layer to construct W1. Inset shows EQE of 
devices at a luminance of 1000 cd/m 2 . The dopants used are FIrpic for 
blue (B), Ir(ppy) 2 (acac) for green (G), Ir(BT) 2 (acac) for yellow (Y), and 
Ir(MDQ) 2 (acac) for red (R). Each device layer thicknesses and doping 
concentrations are as shown for W1 in Figure  1 .  
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TPBi [2,2 ′ ,2 ′  ′ -(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimi-
dazole)] serves as the electron transport layer (ETL), and CBP 
[4,4 ′ -bis(carbazol-9-yl)biphenyl] functions as a hole transport 
layer (HTL) and as a triplet host. ITO/MoO 3  anode and LiF/Al 
cathode are applied. In this confi guration, the majority of exci-
tons will be generated near the CBP/TPBi interface (on both 
sides) before being harvested by the emitters (i.e., recombina-
tion occurs) on the CBP side. Further, as both CBP and TPBi 
are wide energy gap materials with high triplet energies, [  22  ]  
the generated excitons can be well-confi ned onto the emitters. 
Since the blue emitter, FIrpic, has the closest energy levels to 
both materials, [  22  ]  direct exciton formation on the blue dopant 
is unlikely and it is critical to place the blue emitter closest to 
the CBP/TPBi interface to harvest excitons fi rst. Other lower 
energy green, yellow and red emitters are placed sequentially 
next to blue to harvest excitons in a cascaded fashion as shown 
by the energy level diagram in Figure  1 b. This cascaded design 
using a single host allows for only a single site for exciton 
generation and recombination without introducing other bar-
rier layers (i.e., a second or third host material) that could 
induce undesirable charge accumulation in the device, leading 
to notorious triplet-polaron and polaron-polaron quenching 
processes. [  23–25  ]  It is also important that there is no interlayer 
between two adjacent emitting layers so that the surplus exci-
tons can readily diffuse into the adjacent layer with an emitter 
having a lower energy. This inter-zone free fl ow of excitons 
is in stark contrast to the widely accepted design involving 
the use of interlayers, [  4  ,  11  ]  and is key to maximize our device 
overall quantum effi ciency. To demonstrate this point, we have 
fabricated a series of devices with one emitter (blue), two emit-
ters (blue and green), three emitters (blue, green, and yellow), 
and four emitters (blue, green, yellow, and red) as shown in 
 Figure    2  . We found that with each additional emitter incorpo-
rated, the EQE progressively improves from 8.5% to 19.2% as 
the emissive zone increases from one to four, respectively. In 
particular, we observe that for blue doped only device, the emis-
sion effi ciency is fairly low ( < 10%), indicating that a consider-
able portion of the excitons are not being transferred from CBP 
to FIrpic. However, with the inclusion of a green doped region 
adjacent to the blue doped region, the device shows a nearly 
twofold increase in effi ciency without sacrifi cing the emis-
sion from FIrpic, which demonstrates that the energy transfer 
from CBP to FIrpic, and then to the adjacent Ir(ppy) 2 (acac) is 
less signifi cant compared to direct CBP energy transfer to the 
Ir(ppy) 2 (acac) after exciton diffusion in host CBP from blue to 
green doped region. This shows that excitons generated near 
© 2013 WILEY-VCH Verlag Gm

   Table  1.     Summary of WOLED performances. 

Device  η  p,100 / η  c,100 /EQE 100  a)  
[lm W  − 1 /cd A  − 1 /%]

 η  p,1000 / η  c,1000 /EQE 1000  b)  
[lm W  − 1 /cd A  − 1 /%]

W1 32.1/39.2/16.8 28.1/44.8/19.2

W2 37.3/45.6/19.1 32.2/50.2/21.0

W3 40.5/53.7/23.0 31.0/53.9/23.3

W4 42.6/55.1/23.5 33.8/57.7/24.5

    a) Power effi ciency (PE), current effi ciency (CE), and external quantum effi ciency (
5000 cd/m 2 ;      d) Color rendering index at 1000 cd/m 2  and 5,000 cd/m 2 ;      e) Commission In

Adv. Funct. Mater. 2013, 23, 705–712
the CBP/TPBi interface are effectively harvested by the cas-
caded emission zones.   

 A summary of device performance is listed in  Table    1  , and 
the power effi ciency-luminance-external quantum effi ciency 
(PE-L-EQE) characteristics as well as the corresponding electro-
luminance (EL) spectrum (insets) of each device are shown in 
 Figure    3  . The inter-zone exciton harvesting concept led to device 
W1 with decent EQE 100  (  η   p,100 ) and EQE 1000  (  η   p,1000 ) of 16.8% 
(32.1 lm/W) and 19.2% (28.1 lm/W), respectively. The high effi -
ciency at high luminance is mainly due to the elimination of 
accumulated carriers across the entire device, i.e., the unique 
design of using CBP as both the host and HTL, which has been 
demonstrated in our previous work. [  20  ]  Also noted is the spec-
tral shift with a reduction in blue emission and improvement in 
yellow and red emissions at higher luminance as shown in the 
inset of Figure  3 a. This can be attributed to a shift of the exciton 
generation towards the yellow and red doped regions at higher 
driving voltages. Since CBP can also transport electrons quite 
effi ciently, at a higher driving voltage, relatively more electrons 
can be injected deeper into the CBP side to form excitons in the 
707wileyonlinelibrary.combH & Co. KGaA, Weinheim

 η  p,5000 / η  c,5000 /EQE 5000  c)  
[lm W  − 1 /cd A  − 1 /%]

CRI d)  CIE (x,y)  e)  

20.5/41.5/17.8 71,72 (0.37,0.48)

23.1/46.0/19.2 70,69 (0.38,0.48)

20.8/47.0/20.4 84,85 (0.44,0.45)

23.2/51.2/21.9 81,82 (0.44,0.46)

EQE) at 100 cd/m 2 ;      b) PE, CE, and EQE at 1000 cd/m 2 ;      c) PE, CE, and EQE at 
ternationale de L’Eclairage coordinates at 5000 cd/m 2 .   
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     Figure  3 .     a–d) PE-L-EQE characteristics of the WOLED devices consid-
ered in this work. The insets show the corresponding electroluminance 
(EL) spectra under various luminances normalized to the green emission 
peak at 520 nm.The correlated color temperature (CCT) at a luminance of 
5000 cd/m 2  for each device is also shown in the inset.  
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host which are subsequently transferred to the yellow and red 
dopants, resulting in the emission intensity enhancement.   

 In order to further improve upon the effi ciency of the 
device, we incorporated a higher energy (green) phosphor into 
the yellow emissive layer (W2) to enable intra-zone TEC, i.e., 
molecular energy transfer within a common emissive layer. 
From our previous study on single color red OLED devices, we 
learned that incorporation of the green phosphor will improve 
the emission effi ciency of a red OLED, while preserving the 
overall emission spectrum, i.e., the EL spectrum remains pre-
dominantly in red. [  26  ]  Similarly, it is apparent here that with the 
green phosphor incorporation in device W2, the yellow emis-
sion is signifi cantly enhanced, becoming the dominant emis-
sion peak as shown in the inset of Figure  3 b. This spectral 
intensity enhancement corresponds to a considerable improve-
ment in EQE 100  and EQE 1000  to 19.1% (37.3 lm/W) and 21.0% 
(32.2 lm/W), respectively. However, devices W1 and W2 exhibit 
CRI values of only 71 and 70 (see Table  1 ), respectively, which 
do not qualify them as adequate illumination sources. 

 To improve the CRI, we incorporated the green phosphor 
into the red emissive layer in addition to the yellow emissive 
layer (W3). From the EL spectrum in the inset of Figure  3 c, 
we observe the red emission at  ≈ 610 nm becomes the most 
dominant peak, leading to a high CRI of 84 at 1000 cd/m 2 . 
The green phosphor incorporation in the red emissive region 
also enhanced EQE 100  and EQE 1000  to 23.0% (40.5 lm/W) 
and 23.3% (31.0 lm/W), respectively. At a high luminance of 
5000 cd/m 2  that is critical for solid-state lighting, the EQE 
remains as high as 20.4% with a high CRI of 85, Commis-
sion Internationale de L’Eclairage (CIE) coordinates of (0.44, 
0.45) and a correlated color temperature (CCT) of 3332 K, cor-
responding to a desirable warm white illumination. To the 
best of our knowledge, this is the fi rst report of a WOLED 
achieving EQE 5000  of over 20% with a CRI of 85 in the sci-
entifi c literature. A photo of a large area (80 mm  ×  80 mm) 
device, W3, illuminating on arrays of closely colored objects 
is shown in Figure  1 c, where excellent color rendering capa-
bility is displayed by the fact that the color of each object can 
be clearly identifi ed. To further relieve the triplet-triplet anni-
hilation [  23  ,  25  ,  27  ]  and triplet-polaron quenching processes [  23–25  ]  
at high luminance, we lowered the co-doping concentrations 
in both yellow and red emissive regions as demonstrated in 
W4. It is observed in Figure  3 d that the spectrum is charac-
terized by a slightly increased yellow emission compared to 
W3. Notably, the EQE 100 , EQE 1000  and EQE 5000  have improved 
to 23.5% (42.6 lm/W), 24.5% (33.8 lm/W), and 21.9% 
(23.2 lm/W), respectively. Even at an ultrahigh luminance of 
10 000 cd/m 2 , the EQE remains as high as 20.1% with a CRI 
of 82. The EQEs achieved represent the highest reported to 
date among WOLEDs of single or multiple emitters exhibiting 
the corresponding decent CRI values in the scientifi c litera-
ture (Supporting Information, Table S1). 

 To reduce the loss in optical out-coupling, we used a simple 
lens-based out-coupling enhancement technique [  11  ,  28  ]  and 
obtained   η   p,100  (EQE 100 ),   η   p,1000  (EQE 1000 ) and   η   p,5000  (EQE 5000 ) 
of 76.0 lm/W (41.5%), 61.7 lm/W (44.3%) and 42.9 lm/W 
(40.6%), respectively, for W4. The corresponding CRI values 
are 81, 83, and 85, respectively (Supporting Information, 
Figure S1). The resulting effi ciency enhancement factor was 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 705–712
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     Figure  4 .     a) Spectral power spectra of co-doped and single-doped red 
emitting devices at 10 mA/cm 2 . The inset shows the portion of the spec-
trum enclosed by the dashed box, which highlights host emission inten-
sity with and without co-doping. b) PL emission spectra of Ir(ppy) 2 (acac) 
and absorption spectra of Ir(BT) 2 (acac) and Ir(MDQ) 2 (acac) in CH 2 Cl 2  
( ≈ 1  ×  10  − 5  M).  
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 ≈ 1.8. These power effi ciencies are in the range of standard fl uo-
rescent tubes (40–70 lm/W), but the color rendering index is 
far superior for lighting applications. We note that all results 
reported herein have been reproduced for multiple devices on 
the same substrate and in all cases the effi ciencies are repro-
ducible within 0.1%.   

 2.2. Device Working Principle 

 To investigate the working principle behind the performance 
improvement in these WOLEDs, we simplifi ed the device struc-
ture by investigating the performance enhancement on one-
color yellow and one-color red OLED devices while maintaining 
the same EML and transport layer thickness as in the WOLED 
devices.  Figure    4  a illustrates the spectral power, i.e., the total 
radiant power per wavelength, of the red device with and without 
green phosphor incorporation in the emissive layer. It is apparent 
that both spectra are characterized by a dominant red peak at 
 ≈ 605 nm, but the device with green phosphor incorporation 
shows a signifi cantly higher spectral power with an additional 
small peak attributed to the green phosphor emission (520 nm). 
More importantly, by examining the spectra closely (inset of 
Figure  4 a), we observe a considerably higher host CBP emission 
from solely red doped device, indicating that the green phosphor 
can assist in trapping excitons or utilizing excitons formed in the 
CBP host more effi ciently. This phenomenon is also observed for 
yellow emission devices (Supporting Information, Figure S2).  

 In addition, Figure  4 b illustrates the photoluminance (PL) 
spectrum of the green phosphor and the absorption spectra 
of yellow and red phosphors in solution. It is clear that there 
is a substantial spectral overlap between the green phosphor 
triplet emission and the triplet metal-ligand-charge-transfer 
( 3 MLCT) states absorption of both red and yellow phosphors, 
which ensures the effi cient energy transfer cascade when the 
green phosphor is included in the device. This cascaded energy 
transfer evidently is quite long range, given the levels of phos-
phor doping in our devices. That suggests a Förster-type [  29  ,  30  ]  
mechanism is involved, either promoted by spin-orbit 
coupling [  31  ]  or allowed by angular momentum conservation. [  32  ]  
We can therefore deduce that the effi ciency enhancement is 
attributed to improved host exciton utilization by the green 
phosphor, followed by effi cient triplet energy transfer from the 
green to lower energy yellow or red emitters as expressed by:

 φηext γ ηout PLφφ=   (1a)   

 DA= γ ηout

{
φPL,A +

[
ηD−AφPL,A + (1 − ηD−A)φPL,D

]}
  (1b)   

where   η  ext   is the external quantum effi ciency,   γ   represents 
charge balance factor,   η   out  is the out-coupling effi ciency,    
denotes the fraction of emissive excitons that are trapped 
by the donor (   D ) and acceptor molecules (   A ),   ϕ   PL  is the 
quantum yields of the emitters, and   η   D-A  stands for the energy 
transfer effi ciency from donor (D) to acceptor (A), i.e., from 
green to yellow or red phosphors. Using  Equation (1a)  and 
device parameters from optimized single emitter devices, we 
can derive the fraction of emissive excitons trapped by each 
emitter,   , to be  ≈ 0.96,  ≈ 0.87, and  ≈ 0.77 for green, yellow and 
red devices, respectively (Supporting Information). Since the 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 705–712
green emitter exhibits the highest exciton trapping capability 
in the device, it will be benefi cial to incorporate it as co-doped 
EMLs to compensate for the relatively inferior trapping ability 
of yellow and red emitters and hence increase the utilization 
rate of the available excitons. This is also refl ected from the cur-
rent density versus voltage ( J – V ) plot of the WOLED devices as 
shown in Figure S3 (Supporting Information), where a reduc-
tion in current density is observed with the incorporation of the 
green emitter. This can be attributed to increased hole trapping 
by the green emitter, which leads to direct exciton formation 
and effective widening of the recombination zone, followed by 
effi cient exciton energy transfer to the red and yellow emitters. 
According to  Equation (1b) , we can see that the presence of    D  
together with a high   η   D-A  will result in an enhanced emission 
from the lower energy emitter. However, if   η   D-A  is not suffi -
ciently high, the    D  may also contribute to green (donor) emis-
sion ( ≈ 520 nm) as shown in Figure  4 a. In terms of our WOLED 
design, the green donor emission will nevertheless contribute 
favorably to overall device effi ciency of W2 to W4. 

 In order to determine   η   D-A , we have conducted time-
correlated single photon counting (TCSPC) technique to 
709wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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measure the transient decay time of the donor emission at 
520 nm under various co-doping concentrations for both red 
and yellow doped CBP fi lms as shown in  Figure    5  . Control 
samples of green donor-doped only fi lms at various concentra-
tions (2%, 4%, 6%, and 8%) revealed similar decay time con-
stants of  ≈ 1.15–1.20  μ s, which include both the nonradiative 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Figure  5 .     Solid state transient response of (a) red and green co-doped 
CBP fi lms and (b) yellow and green co-doped CBP fi lms at various co-
doping concentrations. The solid lines are the exponential fi ts to the 
transient decay responses. The excitation wavelength is at 350 nm. 
c) Calculated energy transfer rate and effi ciency versus total dopant con-
centration with the control sample concentration corresponding to the 
green donor concentration of the co-doped fi lms. Triangles (squares) and 
rhombuses (circles) denote the energy transfer effi ciency (energy transfer 
rate) of co-doped yellow and red emissive fi lms, respectively.  
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and radiative relaxation processes of the green donor triplet 
states. In co-doped fi lms, we anticipate that any energy transfer 
from the green donor to either red or yellow acceptor molecules 
will induce an additional green donor triplet relaxation path, 
leading to a shorter decay time. We can therefore describe the 
transient donor emission intensity by: [  33  ] 

 l (t) = e−K Ct (C1 + C2 e−Kett )   
(2)

     

 where  K  c  represents the decay rate constant of the donor 
emission (from the control samples),  k  et  denotes the energy 
transfer rate from donor to acceptor, and  C  1  and  C  2  are related 
to the donor and acceptor concentrations, respectively. Using 
 Equation (2) , we can describe the transient response of the 
donor emission in co-doped fi lms as illustrated in Figure  5 a,b, 
and obtain the energy transfer rate as shown in Figure  5 c. The 
energy transfer effi ciency can then be expressed as:

 
ηD−A = ket

ket + kr + knr
= ket

ket + K c   
(3)

   

where the  K  c  term consists of the sum of radiative ( k  r ) and non-
radiative ( K  nr ) rate constants of the donor triplet states of the con-
trol fi lms. From Figure  5 a,b, we can clearly observe for both red 
and yellow emissive fi lms a faster transient decay with increasing 
co-doping concentration, which corresponds to a reduction in 
donor-to-acceptor molecule distance that promotes the energy 
transfer process. It is worth noting that in co-doped fi lms, the 
transient decay response of the lower energy yellow and red 
emissions does not alter signifi cantly compared to those from 
single doped yellow and red fi lms, suggesting no other nonradia-
tive energy transfer path took place. This is expected since any 
increase in the excited state population of the lower energy emit-
ters should not affect their triplet radiative decay lifetimes. We 
also note that for high co-doping concentrations, an extra expo-
nential term is included to account for donor-to-donor exciton dif-
fusion [  33  ]  before eventually transferring to an acceptor, which is a 
relatively slower process (Supporting Information). As shown in 
Figure  5 c, the   η   D-A  is calculated to be as high as  ≈ 90.2 and  ≈ 92.1% 
for red and yellow emissive fi lms, respectively, at low co-doping 
concentrations (2% each). The   η   D-A  further reaches  ≈ 99.6% and 
 ≈ 99.4% for red and yellow emissive fi lms, respectively, at high co-
doping concentrations (8% each), which represents nearly perfect 
energy transfer. This high energy transfer effi ciency together 
with an increased exciton utilization rate can well-explain the 
observed spectral EL intensity enhancement of the lower energy 
red and yellow emissions, and hence the overall device effi ciency 
improvement of WOLEDs W2 to W4.    

 3. Conclusions 

 We reported a novel WOLED architecture based on the TEC 
process, where the effi ciency and spectral intensity of the yellow 
and red emitters are signifi cantly enhanced by facile energy 
transfer from a selected green phosphor with high exciton trap-
ping capability. This intra-zone molecular energy transfer from 
high energy donor to low energy acceptor molecules was found 
to be over 90% effi cient through a Förster-type transfer process. 
The enhancements in red emission also led to high CRI values 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 705–712
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of 81–85, suitable for solid-state lighting. In essence, the TEC 
process provides an effective pathway in engineering the WOLED 
emission spectra, and consequently high CRI, while at the same 
time leading to a signifi cantly improved WOLED effi ciency. At a 
high luminance of 5000 cd/m 2 , WOLEDs with an unprecedented 
EQE of 20.4% and a high CRI of 85 have been demonstrated. The 
CRI could further be improved with the use of higher effi ciency 
deep blue emitters, which are mostly proprietary. Aided with a 
lens-based out-coupling enhancement, a high power effi ciency of 
76.0 lm/W was also obtained. This TEC concept does not require 
the use of exotic ultra-wide energy gap and associated ultra-high tri-
plet energy host materials for the blue emitter, which is commonly 
believed to be a prerequisite for high effi ciency WOLEDs. [  13  ,  34–38  ]  
The TEC concept could further spur the development of a new 
generation of low-cost WOLEDs by enabling the use of alternative, 
more abundant metal-organic complexes such as Pt- [  39–41  ]  or even 
Cu-based [  42  ]  emitters as low energy acceptor phosphors, provided 
the energy transfer process remains profi cient.   

 4. Experimental Section  
 Device Fabrication and Characterization : All WOLEDs were fabricated 

by thermal evaporation using a Kurt J. Lesker LUMINOS cluster tool 
under a base pressure of  ≈ 10  − 8  Torr on a glass substrate (1.1 mm thick) 
precoated with indium tin oxide (ITO), having a thickness and sheet 
resistance of 120 nm and 15 Ω/sq, respectively. Prior to loading, the 
substrate was degreased with standard solvents, blow-dried using a N 2  
gun, and treated in a UV-ozone chamber. All doping concentration used 
in this work are by weight percentage. The active area for each device 
was  ≈ 2 mm 2  as verifi ed with an optical microscope. The deposited 
layer thickness was monitored by a quartz crystal microbalance that 
was calibrated by spectroscopic ellipsometry (Sopra GES 5E). All 
dopants were purifi ed by gradient sublimation before use to ensure 
the highest purity possible. Precise control of layer thicknesses during 
the device fabrication as well as the purity of the phosphorescent 
emitter was found to be critical to obtaining highly effi cient devices 
with high reproducibility. Luminance-voltage measurements were 
carried out using a Minolta LS-110 Luminance Meter. Current-voltage 
characteristics were measured using an HP4140B pA meter. The 
radiant fl ux for calculating EQEs was measured using an integrating 
sphere equipped with an Ocean Optics USB 4000 spectrometer with 
NIST traceable calibration using a halogen lamp. [  43  ]  Measurements with 
out-coupling enhancement used a 10 mm diameter BK7 half-sphere 
lens mounted on top of the device with index matching gel. [  11  ,  28  ]  The 
geometry for the lens-based out-coupling enhancement measurement 
using an integrating sphere is shown in the Supporting Information 
(Figure S4).  

 PL Measurements : The solution PL measurements were conducted 
using Perkin Elmer LS55 fl uorescence spectrometer and the absorption 
measurements were carried out using Perkin Elmer Lambda 
25 UV-vIS spectrometer. The absolute quantum yield measurements 
were performed using a custom built setup according to the procedure 
reported in Ref. [  44  ]  A 365 nm collimated LED from Thorlabs (M365L2-C2) 
served as the excitation source, which was directed onto the sample 
consisted of a doped organic fi lm (100 nm thick) deposited on a quartz 
substrate (1 mm thick) and mounted inside a calibrated integrating 
sphere. The light generated was then detected using an Ocean Optics 
Maya 2000 Pro spectrometer.  

 Transient Measurements : The TCSPC measurements were conducted 
using an IBH Datastation Hub system with an IBH 5000 M PL 
monochromator and an R3809U-50 cooled MCP PMT detector. The light 
source used was a model 3950 ps Ti: sapphire Tsunami laser (Spectra-
Physics), pumped by a Millenium X (Spectra-Physics) diode laser, pulse 
picked (Model 3980 Spectra-Physics), and frequency doubled using a 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 705–712
GWU-23PL multiharmonic generator (Spectra-Physics). Pulse repetition 
rates were kept below 100 kHz. The samples consisted of doped CBP 
fi lms (50 nm thick) on quartz that were encapsulated with a second, 
identical sized, blank quartz using ultraviolet (UV)-sensitive epoxy under 
N 2  environment prior to measurement.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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